Vaccinia virus encodes an enzyme, A22R, required during DNA replication for cleaving viral DNA concatamers to yield unit-length viral genomes. The concatamer junctions contain inverted repeat sequences that can be extruded as cruciforms, yielding Holliday junctions. Previous work indicated that A22R can cleave Holliday junctions in vitro. To investigate the mechanism of action of A22R, we have optimized reaction conditions and characterized the sequence specificity of cleavage. We found that addition of 20% dimethylsulfoxide boosted product formation six-fold, resulting in improved sensitivity of cleavage assays. To analyze cleavage specificity, we took advantage of mobile Holliday junctions, in which branch migration allowed sampling of many DNA sequences. We found that A22R weakly favors cleavage at the sequence 5′-(G/C)↓(A/T)-3′, and so is much less sequence specific than its Escherichia coli relative, RuvC. Analysis of the reaction products revealed that A22R cleaves to leave a 3′ hydroxyl at the cleaved phosphodiester bond.
Introduction
The early steps of poxvirus DNA replication result in the formation of a concatamer in which monomer-length genomes alternate in a head-to-head then tail-to-tail arrangement (Moss, 2001) . The concatamer junction contains a conserved inverted repeat sequence that can be extruded as a DNA cruciform (Dickie et al., 1987a (Dickie et al., , 1987b Merchlinsky et al., 1988) . At its base, this structure resembles a DNA Holliday junction (HJ) (Holliday, 1964) . Cleavage of the HJ by a resolvase is believed to generate monomer-length genome units for packaging (Fig. 1A) .
HJ resolving enzymes have been identified in bacteria (RuvC) (Connolly et al., 1991; Iwasaki et al., 1991) , archaea (Hjc) (Komori et al., 1999; Kvaratskhelia and White, 2000) , bacteriophages (RusA, T4 endonuclease VII, T7 endonuclease I) (de Massy et al., 1987; Dickie et al., 1987a Dickie et al., , 1987b Mahdi et al., 1996; Mizuuchi et al., 1982) , yeast (Cce1) (Kleff et al., 1992) and eukaryotic viruses (A22R) (Garcia et al., 2000) . These enzymes display a range of sequence requirements for cleavage of an HJ substrate (Sharples, 2001) . For example, RuvC favors cleavage at the consensus 5′-(A/T)TT↓(G/C)-3′, where the arrow indicates the point of scission (Eggleston and West, 2000; Shah et al., 1994) . In contrast, T7 endonuclease I (T7endoI) displays less of a sequence requirement, specifying only two nucleotides in its favored sequence of 5′-(C/T)↓(C/T)-3′ (Picksley et al., 1990) .
The poxvirus-encoded protein A22R was first implicated in cleavage of viral DNA concatamers by bioinformatic analysis of the poxvirus genome (Garcia et al., 2000) . This analysis revealed that A22R had significant sequence homology to the Escherichia coli RuvC resolvase, thus placing A22R in the larger RNase H superfamily of enzymes. Subsequent purification of the A22R protein and analysis using RuvC substrates revealed a cleavage activity on HJs in vitro. The role of A22R resolvase was next analyzed in vivo, an important step because other viral proteins have also been proposed as candidates for genome resolution (see Eckert et al., 2005; Sekiguchi et al., 2000; and references therein) . Inactivation of a conditional A22R mutant resulted in abrogation of viral replication and accumulation of the uncleaved concatamer, indicating that the A22R protein is indeed the major enzyme involved in concatamer resolution (Garcia and Moss, 2001 ).
We have begun to characterize the cleavage activity of A22R in detail using oligonucleotide substrates. We purified the A22R protein using a double affinity tag, which could be conveniently removed after purification. Optimizing solution conditions revealed that addition of 20% dimethylsulfoxide (DMSO) boosted cleavage substantially, allowing more sensitive studies of cleavage specificity. We then characterized the cleavage of several HJ substrates. Analysis of 23 sites of preferential cleavage revealed that A22R resolvase favored cleavage at the dinucleotide 5′-(G/C)↓(A/T)-3′. Thus, A22R has less of a sequence requirement than its relative RuvC (Eggleston and West, 2000; Shah et al., 1994 ) but more resembled T7endoI (Picksley et al., 1990 ), which we also characterized in parallel. A study of the products of cleavage showed that the enzyme cleaved to leave a 3′ hydroxyl group, as has been seen previously with RuvC. This work provides key background for more detailed mechanistic and structural studies of A22R resolvase. After this work was completed, a study was published reporting the cleavage specificity of a maltose-binding protein-A22R fusion protein (Garcia et al., 2006) , which was generally consistent with the data for A22R reported here, although our more extensive study reveals additional aspects of cleavage specificity.
Results

Overexpression and purification of A22R resolvase
In order to investigate cleavage of HJs by A22R resolvase, we overexpressed the enzyme in E. coli as a fusion protein and purified it using sequential affinity tags. E. coli encodes the RuvC endonuclease, which also can cleave HJs; therefore as a control, we overexpressed a previously described catalytic site mutant (A22R E81Q ) (Garcia et al., 2000) . This allowed us to verify that the cleavage activity detected in our protein preparations was catalyzed by the purified A22R resolvase and not a copurified E. coli enzyme because the active site mutant abolished cleavage.
Both resolvase proteins were expressed as fusions with a Cterminal dual affinity tag to facilitate purification. The tag contained a hexahistidine motif and a chitin-binding domain linked to a self-cleavable Mxe-intein (Fig. 1B) . The A22R fusion was purified by binding and eluting on nickel-nitrilotriacetate (Ni-NTA) resin. The eluate was adsorbed onto chitin beads and then the intein was induced to self-cleave by addition of dithiothreitol (DTT), thereby releasing the purified enzyme. SDS-PAGE and Coomassie blue staining of the concentrated chitin flow-through revealed the expected 22 kDa A22R protein (Fig. 1C) .
Optimizing solution conditions for cleavage by A22R resolvase: metal ion requirement
In order to study the sequence specificity of HJ cleavage by A22R resolvase, we first optimized the solution conditions for the HJ cleavage assay. Optimization was carried out with substrate HJx2, a previously studied junction (Garcia et al., 2000 (Garcia et al., , 2006 Saito et al., 1995) that is known to permit cleavage by both RuvC and A22R resolvases (for HJ sequences, see Table 1 ). First, cleavage of 32 P-labeled HJx2 by A22R was examined at different divalent metal ion concentrations. For Mg 2+ , we observed cleavage over a broad range of concentrations, from 0.2 to 15 mM, with maximum product conversion occurring at 5 mM ( Fig. 2A) . Importantly, we were unable to detect any cleavage of HJx2 after incubation with the similarly expressed and purified A22R mutant, A22R E81Q (data not shown). This control rules out the possibility of the observed activity being a result of contaminating nucleases.
Many of the enzymes of the RNase H superfamily are active in both Mg 2+ and Mn 2+ , so we next tested cleavage activity with Mn 2+ . We observed cleavage over a more narrow range of metal concentrations, from 0.2 to 1.0 mM, with maximum product conversion occurring at 1.0 mM and barely detectable levels occurring at higher concentrations (Fig. 2B ). As expected, no product formation was observed in the absence of divalent metal ion.
Optimizing solution conditions for cleavage by A22R resolvase: salt and pH effects Next, A22R cleavage of HJx2 was examined over a range of sodium chloride concentrations in the presence of 5 mM 
Mg
2+ (Fig. 3A) . We detected peak product conversion at about 100 mM.
To determine the optimal pH, we examined the reaction over a range of pH values in the presence of 100 mM sodium chloride and either 5 mM Mg 2+ (Fig. 3B ) or 1 mM Mn 2+ (Fig.  3C ). For both Mg 2+ and Mn 2+ , we observed optimal activity in Tris-hydrochloride buffer at pH 8.
Boosting of cleavage by DMSO
Possible effects of DMSO on A22R cleavage were next tested because DMSO is known to have a strong effect on catalysis by other members of the RNase H superfamily, such as HIV-1 integrase and phage Mu transposase (Carteau et al., 1999; Craig et al., 2002; Engelman and Craigie, 1995; Goodarzi et al., 1995; Miller et al., 1995) . Titration of DMSO in reactions resulted in increased product formation (Fig. 3D) . At 20% DMSO, activity was increased fully six-fold.
Another reagent that has been found to boost activity by HIV integrase is polyethylene glycol (PEG) (Carteau et al., 1999; Engelman and Craigie, 1995; Goodarzi et al., 1995; Miller et al., 1995) . However, titration of PEG (average mol. wt. 8000 g/mol) in reactions did not increase activity at low concentrations, and inhibition was seen at high concentrations (data not shown).
Two product bands were seen that could be separated for some of the substrates analyzed (e.g., Fig. 3D ). The origin of these bands was not investigated, but we suspect these correspond to cleavage of the junction on strands 1 and 3 versus stands 2 and 4. In each case, cleavage would create a labeled nicked duplex with a different nucleotide sequence, which could have a distinct mobility on the gels used.
Mapping the major cleavage site on HJx2
We used two approaches to map the major cleavage sites in HJx2. In previously published data, the major cleavage sites were shown to be on strands 2 and 4 (Garcia et al., 2000 (Garcia et al., , 2006 . In the first approach, we synthesized oligonucleotides matching candidate products of HJ cleavage near the crossover region to serve as markers. The marker oligonucleotides were 5′ 32 P-end labeled and their electrophoretic mobility was compared to authentic cleavage products on denaturing DNA sequencingtype gels (Fig. 4A) . Lanes 1-3 show markers for strand 2 and lanes 10-12 show markers for strand 4. The mobility of cleavage products can be seen in lane 5 for strand 2 and lane 14 for strand 4. It can be seen for both strand 2 and strand 4 that the 25-mer marker appears to comigrate with the cleavage product (compare lane 1 with lane 5, and lane 10 with lane 14). To verify that the apparent comigration was not an artifact of electrophoresis, we mixed the authentic cleavage product with each of the markers and co-electrophoresed (lanes 7-9 and 16-18). Mixing of the 25 nt synthetic oligonucleotides with the reaction Table 1 Oligonucleotides used in this study
Names of HJ substrates indicated in boldface. The four sequences found directly beneath a bolded substrate name comprise that junction. The other HJx2 sequences represent oligonucleotides used in the study of HJx2. Italicized sequences indicate regions of homology within HJ substrates.
products revealed that the 25-mer comigrated with the authentic product (lanes 7 and 16). The placement of cleavage on this substrate was mapped to the same location in Garcia et al., 2006. Fig. 4B indicates the position of A22R cleavage and compares it to the previously determined favored cleavage site for RuvC. From previous studies of the related RuvC enzyme, it appeared likely that the A22R resolvase would cleave to leave a 5′-phosphate and 3′ hydroxyl (Bennett et al., 1993) . Our synthetic markers and the HJ substrate both have 5′ phosphates as a result of end labeling. The synthetic oligonucleotide marker contains a 3′ hydroxyl. The fact that the cleavage product and the synthetic 25-mer comigrate on the denaturing gel indicates that A22R leaves a free 3′-hydroxyl after cleavage of the scissile phosphodiester bond.
In order to strengthen these results, we also used MaxamGilbert chemical cleavage products of HJx2 strand 4 for a marker, and mapping of the A22R resolvase cleavage site yielded the same cleavage location (Fig. 4C) . To confirm that the cleavage product indeed contained a free 3′ hydroxyl, we treated the HJx2 reaction products with ddATP and terminal transferase (TdT), which should only catalyze the transfer of ddAMP to the cleavage product if it contains a free 3′-hydroxyl. As expected, we were able to observe a decrease in the electrophoretic mobility of a portion of the TdT-treated products, indicating coupling of a single ddAMP to the free 3′-hydroxyl of the A22R reaction product (Fig. 4C ).
Identifying favored recognition sites for A22R cleavage using mobile Holliday junctions
In order to investigate the sequence requirements for cleavage by A22R resolvase, we took advantage of mobile HJs to quantify cleavage at many sequences in a single experiment. Mobile HJs are crossover molecules with regions of sequence homology that are symmetric across the junction, thus allowing the crossover point to travel along the junction by branch migration. Unique sequences at the end of each arm prevent branch migration through the ends of the junction arms. Thus, many different nucleotide sequences are available in the mobile junction for recognition and cleavage. We incubated A22R with mobile HJs in optimized solution conditions (5 mM Mg 2+ , 100 mM NaCl, Tris-HCl pH 8, 20% DMSO) and analyzed the reaction products by electrophoresis on denaturing sequencing-type gels.
To explore a substantial number of potential cleavage sites, we analyzed three different mobile junctions, HJ2x20, HJ4x20 and TRTx30. HJ2x20 and HJ4x20 are HJs related to HJx2. For HJ2x20, the additional 18 bp of homology is based on strand 2 of HJx2, whereas in HJ4x20 the additional 18 bp of homology is based on strand 4 of HJx2. TRTx30 is a junction based on the conserved poxvirus telomere resolution target (TRT) sequence that is present near the concatamer junctions and has been shown to be required for efficient resolution of mini-chromosomes in poxvirus-infected cells McFadden, 1987, 1990; DeLange et al., 1986; Du and Traktman, 1996; Merchlinsky, 1990a Merchlinsky, , 1990b Merchlinsky and Moss, 1989) . Thus, TRTx30 mimics a potentially biologically relevant substrate. For all three of these substrates, each of the four component strands in the junction was analyzed separately by electrophoresis on denaturing DNA-sequencing type gels adjacent to products of Maxam-Gilbert chemical cleavage of the same DNAs.
As a control, HJ4x20 and TRTx30 were also separately incubated with T7endoI and cleavage products analyzed in parallel (Figs. 5A and 6A) . This allowed us to confirm that our mapping methods yielded results consistent with previous studies of T7endoI and allowed us to compare cleavage by the two enzymes. As another control, the A22R resolvase catalytic mutant E81Q was also compared.
For cleavage of HJ4x20 with A22R (Figs. 5A and B), we observed 6 prominent cleavage sites, all of which were symmetric across the junction. Five of the cleavage sites occurred on strands 1 and 3 and only one cleavage site was observed on strands 2 and 4. Cleavage of HJ2x20 with A22R (data not shown; for summary, see Fig. 5C ) produced a total of 9 cleavage sites, all of which were symmetric across the junction. Four of the cleavage sites occurred on strands 1 and 3 and the other 5 occurred on strands 2 and 4.
Cleavage of the telomere junction substrate TRTx30 with A22R (Figs. 6A and B) produced a total of 8 cleavage sites, all of which were symmetric across the junction. Three cleavage .0], 50 mM NaCl, 100 μg/ml BSA, 6 mM DTT, 0.02% Nonidet P-40 and 1% glycerol. HJx2 was 5′ 32 P-end labeled on strand 4 (see Table 1 , HJx2-4).
sites occurred on strands 1 and 3 and the other 5 on strands 2 and 4. Notably, the conserved TRT sequence was not cleaved to a greater degree than the other substrates (data not shown) nor was cleavage favored at a single site.
Incubation of T7endoI with HJ4x20 (Figs. 5A and B) and TRTx30 (Figs. 6A and B ) yielded a total of 24 prominent cleavage sites, all of which were symmetric across the junction. Very few cleavage sites were shared between A22R and T7endoI, indicating these enzymes favor different recognition sites for cleavage.
The comparison of A22R and T7endoI allows us to address a model for the origin of the sequence specificity. One possibility would have been that favored stacking in a subset of the isomers of the mobile Holliday junction caused some crossover points to be overrepresented in the population. Cleavage site selection by a nonspecific resolvase might have been dominated by these favored substrate conformations. Both A22R and T7endoI show limited specificity, but in our study they favored different cleavage sites (exemplified by Fig. 6C ). This suggests that favored substrate conformations did not account for the cleavage specificity. In addition, comparison to known sites of stalling in branch migration (Sun et al., 1998) shows no obvious correlations with favored sites for A22R cleavage, also arguing against this model.
Sequence features at favored cleavage sites
In order to assess the favored sites for cleavage by A22R resolvase and T7endoI, we compiled a list of the most prominent cleavage sites on HJ4x20 (Fig. 5B) , HJ2x20 (Fig.  5C ) and TRTx30 (Fig. 6B) for each enzyme. The nucleotide sequences were aligned at the cleavage sites and these alignments were used for analysis. Twenty-three cleavage sites were analyzed for A22R and twenty-four for T7endoI.
First, the information content of the conserved positions was quantified for the region surrounding the cleavage sites using . Reactions were performed in 2 mM HEPES, 5 mM MgCl 2 , 100 μg/ml BSA, 6 mM DTT, 0.02% Nonidet P-40 and 1% glycerol. The pH and buffers used are indicated above the gel wells. Indicated buffers were at a concentration of 50 mM. HJx2 was 5′ 32 P-end labeled on strand 4 (see Table 1 , HJx2-4). (C) Optimizing pH in the presence of Mn 2+ . Solution conditions were the same as in panel C, except that 1 mM MnCl 2 was used instead of 5 mM MgCl 2 . HJx2 was 5′ 32 P-end labeled on strand 4 (see Table 1 . Reactions were performed in 30 mM Tris-HCl [pH 8.0], 2 mM HEPES, 5 mM MgCl 2 , 100 μg/ml BSA, 6 mM DTT, 0.02% Nonidet P-40 and 1% glycerol. The DMSO concentrations used are indicated above the gel wells. HJx2 was 5′ 32 P-end labeled on strand 2 (see Table 1 , HJx2-2).
WebLogo (Crooks et al., 2004; Schneider and Stephens, 1990 ). The total height at each position within the plot indicates the amount of information present at that site in the alignment. Perfect conservation of a single nucleotide (frequency = 1) yields 2.0 bits of information. On the other hand, no conservation (frequency = 0.25 for each base) at a site within the alignment yields 0.0 bits of information. For A22R (Fig.  7A) , the information content was 0.5 bits at the +1 position and 0.3 bits at the −1 position, indicating mild sequence conservation at these sites. There were no other positions in the +10 to −10 window that were similarly conserved, indicating that A22R discriminates for sequence only at the +1 and −1 positions. For T7endoI (Fig. 7B) , the values were 0.0 bits at the +1 position and 0.5 bits at the −1 position. In addition, the +4 position showed 0.4 bits of information, indicating some conservation at this site.
The WebLogo plot also indicates the conservation of individual nucleotides at each position within the alignment. The height of a letter within a position is proportional to its relative frequency at that position. A22R favored cleavage 3′ of Fig. 4 . Mapping the cleavage site on the HJx2 substrate. (A) Analysis of the position of cleavage using labeled synthetic oligonucleotide markers mimicking potential products. Cleavage was analyzed for both strand 2 (lanes 1-9) and strand 4 (lanes 10-18). Cleavage reactions were performed in 50 mM Tris-HCl [pH 8.0], 2 mM HEPES, 100 mM NaCl, 5 mM MgCl 2 , 100 μg/ml BSA, 6 mM DTT, 0.02% Nonidet P-40 and 1% glycerol. a G or C (+1 position) and 5′ of a T or A (−1 position). The most notable feature was that T was strictly excluded in the +1 position and G was strongly disfavored in the −1 position. For T7endoI (Fig. 7B) , the most notable features were favored cleavage 5′of T or C (−1 position), with exclusion of A at the −1 position. T was also most frequent at the +4 position.
We next probed the sequence specificity by analyzing the cleavage frequency for each of the possible 16 dinucleotide pairs in the substrate regions accessible to cleavage (Fig. 7C) . For A22R, this analysis showed that six out of six of the 5′-GT-3′ sequences were in fact cleaved. In addition, analysis of published data (Garcia et al., 2006) indicated that there, too, each available 5′-GT-3′ sequence was cleaved detectably, although not all were cleaved prominently. Other frequently cleaved dinucleotides included 5′-GA-3′, 5′-CT-3′ and 5′-CA-3′, which supports 5′-(G/C)↓(T/A)-3′ as the favored sequence, although other dinucleotides were also observed to be cleaved. As a control, the same analysis was applied to T7endoI (Fig. 7C) . Using the same dinucleotide analysis, but with a different mobile HJ substrate, T7endoI was previously reported to favor cutting at the consensus sequence 5′-(C/ T)↓(C/T)-3′ (Picksley et al., 1990) . Our results are consistent with this consensus sequence as we observed the three dinucleotides with the highest cleavage percentages to be 5′-CC-3′, 5′-TC-3′ and 5′-CT-3′, although we also observed cleavage at other dinucleotides.
Discussion
Here we present a study of catalysis by the vaccinia virus A22R resolvase. A22R was purified after overexpression in E. coli using a double affinity tag system, and the purified protein was used to analyze cleavage at HJ DNA substrates. To determine the specificity of A22R cleavage, we mapped the predominant cleavage sites on three mobile HJs containing 20 or 30bps of homology. By analyzing 23 unique cleavage sites, we found that A22R resolvase mildly favors cleavage at 5′-(G/ C)↓(A/T)-3′. In the context of the mobile junctions studied here, we also observed a strong discrimination against cleavage 3′ to T (+1 position) and 5′ to G (−1 position), suggesting that cleavage between 5′-TG-3′ dinucleotides may be especially disfavored. In fact, of the 10 5′-TG-3′ dinucleotides in our substrates, none were cleaved detectably. Parallel mapping of T7endoI cleavage sites yielded 5′-CC-3′, 5′-TC-3′ and 5′-CT-3′ as the most frequently cut dinucleotides, consistent with the published T7endoI consensus cleavage sequence 5′-(C/T)↓(C/ T)-3′ (Picksley et al., 1990) . However, our analysis emphasizes that the base at the −1 position was the most important, and we also identified a weakly favored sequence at the +4 position.
After our study was completed, Garcia and colleagues reported mapping 4 predominant cleavage sites on HJx2 and 13 cleavage sites on mobile substrates by a maltose-binding protein-A22R resolvase fusion. Our study agrees that A22R shows no strong sequence specificity for cleavage, but our analysis did disclose stronger effects of sequence than in their study (Garcia et al., 2006) . Consistent with our results, Garcia et al. found the major sites of cleavage on strands 2 and 4 of HJx2 to occur between residues A25 and A26. However, the favored sequence deduced by Garcia et al. was 5′-C↓N-3′, whereas our data specify 5′-(G/C)↓(A/T)-3′. Two main factors probably contributed to this difference. In our study, we analyzed more total cleavage sites, made possible by the fact that our junctions were mobile over greater numbers of base pairs. Additionally, our quantitation of both information content and the fraction of possible dinucleotide sites cleaved (Fig. 7C) helped highlight the strongest effects. Thus, the more extensive analysis disclosed additional features of DNA sequence recognition.
For A22R resolvase, these data indicate relatively weak sequence discrimination compared to its closest relatives among HJ resolving enzymes from the RNase H superfamily. A22R appears only to discriminate against the two nucleotides directly adjacent to the scissile phosphodiester bond, whereas both RuvC and Cce1 have longer recognition sequences, 5′-(A/T) TT↓(G/C)-3′ (Eggleston and West, 2000; Shah et al., 1994) and 5′-ACT↓A (Schofield et al., 1998) , respectively. T7endoI was also relatively sequence nonspecific, as reported previously, but T7endoI is a member of another structural class of resolvases (Hadden et al., 2001 (Hadden et al., , 2002 .
Analysis of the cleavage products showed that A22R-catalyzed hydrolysis yielded a 3′ hydroxyl, as expected from cleavage mechanisms of related enzymes of the RNase H superfamily (Bushman and Craigie, 1991; Katzman et al., 1989; Sherman and Fyfe, 1990) . Cleavage of the poxvirus DNA concatamer with this specificity would allow subsequent ligation to form the covalently closed hairpin ends of the monomer-length genomes without prior enzymatic processing by a kinase or phosphatase. DMSO boosted DNA cleavage by A22R six-fold in vitro, as has been reported previously for other members of the RNase H superfamily, including HIV integrase and phage Mu transposase (Carteau et al., 1999; Craig et al., 2002; Engelman and Craigie, 1995; Goodarzi et al., 1995; Miller et al., 1995) . The mechanism of increased cleavage in the presence of DMSO is unknown. Preparations of A22R were observed to aggregate (unpublished data), and addition of DMSO may have partially reversed this, thereby supplying more active A22R to the cleavage reaction. However, direct tests of solubility in the presence of DMSO to date suggest that it does not help solubilize A22R (unpublished data). Other explanations are also possible. Dipolar aprotic solvents, such as DMSO, are known to accelerate nucleophilic substitution reactions in small molecule models (Parker, 1969) and could potentially accelerate hydrolysis by a similar mechanism here. Another possibility derives from the observation that A22R may be palmitylated in vivo (Grosenbach et al., 2000) . Possibly A22R is activated by binding the aliphatic palmitic acid chain, and this is mimicked by binding of DMSO in vitro.
Materials and methods
Plasmid construction
The A22R open reading frame was amplified by polymerase chain reaction (PCR) using vaccinia DNA (strain WR) as template and oligonucleotide primers 5′-TTTTTTCA-TATGGAAACTTTAACCAGTTCG (NdeI restriction site underlined, initiating codon in boldface letters) and 5′-TTTTTTCTCGAGCATTTTTTTTATGTAATTTC (XhoI restriction site underlined, the stop codon was removed to allow fusion with the tag portion of the pDuetMxe vector). The PCR product was inserted directly into pCR4-TOPO (Invitrogen) via the topoisomerase cloning reaction to construct pCR4-A22R. pCR4-A22R plasmid DNA was digested with NdeI and XhoI and the A22R insert DNA was purified by electrophoresis and gel extraction. The insert was then ligated into pDuetMxe plasmid DNA that had been previously digested with NdeI and XhoI, treated with calf intestine alkaline phosphatase and purified by electrophoresis and gel extraction. The expected product of this ligation, pDuet-A22R-Mxe, was confirmed by sequencing the insert and insert-vector junctions. pDuet-A22R-Mxe has the A22R gene in frame with a carboxy-terminal dual affinity tag and places this A22R-tag fusion under the control of a T7 RNA polymerase promoter.
pDuet-A22R E81Q -Mxe was constructed using the QuikChange (Stratagene) site-directed mutagenesis kit using pDuet-A22R-Mxe as template and oligonucleotide primers 5′-TACACTACAGTTCTTCTACAACGTCAGCCTA-GAAGGTCG and 5′-CGACCTTCTAGGCTGACGTTGTA-GAAGAACTGTAGTGTA (mutated codon underlined with mutation in bold). The desired mutation was confirmed by sequencing the relevant portions of prepared plasmid DNA.
Overexpression and purification of recombinant A22R
BL21(DE3)pLysS E. coli cells (Stratagene), transformed with either pDuet-A22R-Mxe or pDuet-A22R E81Q -Mxe, were grown in 1L of tryptone-phosphate medium supplemented with 100μg/ml ampicillin to an OD 600 of 0.9-1.1 at 37°C. Cells were treated with 0.4mM isopropyl-β-D-thiogalactopyranoside (IPTG) and harvested 2.5-3.0h later by sedimentation. The cells were then suspended in binding buffer (25 mM Tris-HCl [pH 7.5], 200 mM NaCl, 0.2% Nonidet P-40, 10% glycerol, 25 mM imidazole) supplemented with a protease inhibitor cocktail (Calbiochem). Cells were lysed by three cycles of freezing (CO 2 (s) /ethanol bath) and thawing (37°C water bath), then sonicated at 4°C in 20 s bursts. Next, the cell lysate was centrifuged at 26,000 × g for 20 min to remove insoluble debris. The clarified bacterial extract was applied to a column packed with 2 ml of nickel-nitrilotriacetate (Ni-NTA) resin that had previously been equilibrated with binding buffer. Next, the resin was washed with 10 column volumes of wash buffer (25 mM Tris-HCl [pH 7.5], 500 mM NaCl, 0.2% Nonidet P-40, 10% glycerol, 40 mM imidazole). The bound proteins were eluted in 4 column volumes of elution buffer (25 mM Tris-HCl [pH 7.5], 500 mM NaCl, 0.2% Nonidet P-40, 10% glycerol, 200 mM imidazole). Then, the Ni-NTA eluate was applied to a column packed with 2.5 ml of chitin beads that had previously been equilibrated with chitin wash buffer (20 mM HEPES [pH 8.0], 500 mM NaCl, 0.2% Nonidet P-40, 10% glycerol, 100 μM EDTA). The bound proteins were washed with 10 column volumes of chitin wash buffer. Next, the chitin beads were transferred to a 50-ml conical tube and incubated overnight at 4°C in 5 ml of chitin wash buffer supplemented with 50 mM dithiothreitol (DTT). This step induces the Mxe-intein to cleave free A22R from the affinity tag bound to the chitin beads. Intein cleavage of the fusion protein is expected to leave three amino acids at the Cterminus of A22R (A22R-LEY). The DTT-treated chitin bead suspension was applied to a column that had been freshly packed with 1.25 ml chitin beads and equilibrated with chitin wash buffer. The flow through from the column was concentrated using a 10-kDa molecular weight cut-off Centriprep centrifugal filter (Millipore). The concentrated protein solution was then aliquotted, flash frozen in liquid nitrogen and stored at −80°C.
Preparation of DNA substrates and oligonucleotide markers HJ substrates HJx2, HJ2x20 and HJ4x20 were prepared by annealing together the four separate oligonucleotide strands that comprise each junction (see Table 1 ). Before the annealing step, one oligonucleotide was 5′-end labeled using T4 polynucleotide kinase and [γ-32 P]ATP (3000 Ci/mmol). Unincorporated label was removed by passing the labeling reaction through a G-50 spin column (Pharmacia). Equimolar amounts of the three unlabeled oligonucleotide strands were then added to the labeled strand. Next, sodium chloride was added to a concentration of 100 mM, the solution was heated to 95°C for 3 min in a heat block, the heat source was removed from the block and the annealing reaction was allowed to slowly cool to room temperature over 1.5-2 h. The substrates were then stored at 4°C.
The 50-mer duplex marker used in the nondenaturing gel electrophoresis experiments was prepared by annealing together 5′-end-labeled HJx2-4 and unlabeled HJx2-5 (see Table 1 ) as above.
The 5′-end-labeled 23-to 25-mer oligonucleotides based on HJx2 (see Table 1 ) used in the denaturing gel electrophoresis experiments were also treated as above with the exception that no complementary oligonucleotides were added prior to the annealing steps.
HJ substrate TRTx30 was prepared as above but was also subjected to additional purification by electrophoresis through a nondenaturing 10% polyacrylamide gel. After electrophoresis, the DNA substrate was visualized with a UV lamp and excised from the gel. Then, the DNA was extracted from the polyacrylamide by crushing the gel slice, incubating it in a 100-mM sodium chloride solution at 4°C overnight and filtering the solution through a Poly-Prep column (BioRad).
Resolvase cleavage reactions
Cleavage reactions were started by adding 0.4-0.5 μg (18-22 pmol) of A22R to a solution containing 0.2 pmol of 32 Plabeled substrate DNA. Reactions with T7endoI contained 0.1 U of recombinant enzyme (New England Biolabs). Reactions were carried out in 20 μl volumes. Solution conditions for each reaction are indicated in the figure legends.
To examine duplex products, we terminated the reactions after incubation at 37°C for 25 min by the addition of a stop solution to give final concentrations of 20 mM EDTA, 0.2% SDS, 5% glycerol and 0.02% bromophenol blue. The products of the reaction were resolved by electrophoresis in a 10% (19:1) polyacrylamide gel containing 1× TBE. Then, the wet gel was exposed to a phosphor screen and the bands were visualized using a Storm PhosphorImager (Molecular Dynamics).
To examine single-stranded products, we terminated the reactions by 1/3 dilution in a solution containing 80% formamide, 10 mM EDTA and 0.02% bromophenol blue. After heating at 95°C for 3 min, the reaction mixture was placed on ice and then resolved by electrophoresis in a 14% polyacrylamide (19:1) gel containing 7.5 M urea and 1× TBE. The gel was then dried, exposed to a phosphor screen and the bands were visualized using a Storm PhosphorImager (Molecular Dynamics).
Analysis of reaction products
Maxam-Gilbert chemical cleavage reactions were carried out as previously described (Maxam and Gilbert, 1977; Maxam and Gilbert, 1980) . The terminal transferase (TdT) experiment was carried out by first generating genuine cleavage products by incubation of strand 4 32 P-labeled HJx2 with A22R as above. Next, ddATP was added to 0.3 mM and 30 U of recombinant terminal transferase (TdT) (Promega) was incubated with the cleavage reaction for 45 min at 37°C. The reaction was then diluted 1:1 in a solution containing 80% formamide, 10 mM EDTA and 0.02% bromophenol blue. After heating at 95°C for 3 min, the contents cleavage products were placed on ice and then resolved by electrophoresis as above.
Information content was determined by inserting the sequence alignments into the Web-based program WebLogo (weblogo.berkeley.edu) (Crooks et al., 2004; Schneider and Stephens, 1990 ) with the small sample correction feature enabled. No correction for the base composition of the DNAs studied was made in this analysis.
